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Lophophora williamsii (Lem. ex Salm-Dyck) J.M. Coult. (Cactaceae), known as peyote both in Spanish and in

English, is a small cactus (rarely exceeding 10 cm in diameter) of northeastern Mexico and adjacent border

areas of Texas. The aerial crowns of plants are approximately hemispherical in shape. Someplants are caespi-

tose; i.e., they have multiple crowns arising from a single rootstock. The literature on the biology of this plant

up to the mid-1990s is summarized by Anderson (1996), who first suggested that the species might be endan-

gered by overharvesting (Anderson 1995).

There is active commercial trade in the harvested crowns of peyote, which are collected and sold by li-

censed distributors to the Native American Church (NAC) for religious use as protected by U.S. law. There is

substantial concern that the rate of harvest of peyote from wild populations is not sustainable. Anecdotal re-

ports by members of the NACinclude descriptions of the decline or decimation of natural populations and a

decrease in both the availability and the quality of peyote being offered for sale in the regulated peyote market

(TH, pers. obs.). Anumber of papers in the scientific literature have described the decline of peyote in its native

habitat, apparently due to overharvesting (Anderson 1995; Trout 1999; Terry & Mauseth 2006; Powell etal.

2008; Terry 2008a, b,c; Terry et al. 2011). Despite such reports involving both Texas and Mexican populations,

the species is not (yet) considered in danger of extinction (NatureServe 2012; Fitz Maurice and Fitz Maurice

2009), except in Texas, where NatureServe determined it to be in the S4 (imperiled) category. The work of

Terry et al. (2011) was the first experimental investigation of the effects of harvesting on peyote plants in situ.

In that paper we reported the effects that were detectable two years after the initial harvest. The present report

focuses on effects detectable four years after the initial harvest.

MATERIALSANDMETHODS

The study site was described in Terry et al. (2011). Because of the multi-year duration of the ongoing study and

the complexity of the study design, it is appropriate to provide a clear, detailed description of what was done to

which plants, and when.

At the start of the study, in March 2008, 100 L. williamsii plants that appeared not to have been previously

harvested were individually numbered and tagged along a transect through the population. The number of

crowns on each plant was counted and the horizontal diameter of each crown was measured. Fifty of these

plants that were single-crowned were then harvested (i.e., the crown of each plant was cut off transversely at

ground level and removed), and the other 50 plants (most but not all of which were single-crowned) were left

unharvested as controls. The harvested crown of each plant in the harvested group was weighed, to determine

the harvested fresh biomass obtained from each of these “virgin” plants.

At the end of the second year of the study, in March 2010, all surviving plants from the original groups of

50 harvested and 50 control plants were located, the number of crowns on each plant was counted, and the

diameter of each crown was measured. Then the 43 surviving plants in the harvested group were divided into

two subgroups: 20 multiple-harvest plants and 23 single-harvest plants. All regrowth crowns were harvested

from the 20 multiple-harvest plants, leaving these now twice-harvested plants without crowns (and thus with-

out photosynthetic tissue) for the second time in two years. Reharvest at two-year intervals is typical in current

commercial harvest (MT, pers. obs.). The harvested crown(s) of each multiple-harvest plant were weighed to

obtain harvested fresh biomass at a second harvest. Acomparison of harvested biomass between the 2008 and

2010 harvests was reported by Terry et al. (2011). The single-harvest plants were not reharvested, and the sur-

viving plants of the 50 original control plants continued to serve as unharvested controls.
At the end of the fourth year of the study, in March 2012, all surviving plants were again located, counted,

and measured. In addition, all new regrowth crowns were again harvested and weighed from the 16 surviving

plants in the multiple-harvest treatment. In summary, control plants have never been harvested, single-harvest

All stalls lalyses were done with SAS9.1 ( :, Cary, NC, USA).
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RESULTS

Survival. —Of the 100 plants of the initial (2008) census, 4 (2 control, 2 harvested) were dug up by feral hogs

and were therefore dropped from all further analyses, leaving 96 plants. Of these 96 plants, 6 (1 control, 5

harvested) died before the second (2010) census. Ninety plants were still alive in 2010 (census 2): 47 control

plants and 43 plants that had been harvested in 2008. Of these 43 surviving plants that had experienced one

harvest, 23 were assigned to the single-harvest treatment and 20 were assigned to the multiple-harvest treat-

Of the 47 control plants alive in 2010, 45 were still alive at census 3 in 2012. Nineteen of the 23 single-

harvest plants (83%) and 16 of the 20 multiple-harvest plants (80%) were still alive in 2012. By 2012 the sur-

vival rate of control plants from census 1 through census 3 was significantly higher than the survival rate of

harvested plants over the same interval (94% [45/48] versus 73% [35/48], x
2 = 8.65, P= .0033; Fig. 1).

Harvested mass.—Weights of all the crowns of a plant were summedto calculate harvested fresh mass per

plant. Mass per crown was calculated for each plant by dividing its total mass by its crown number; these val-

ues were then averaged for statistical analysis and for Figure 2. Average harvested mass per plant decreased

from census to census: 44%between the first and second censuses and 32%between the second and third

censuses (Fig. 2, solid line). The differences between harvests were significantly different from zero (paired t-

tests: harvest 1 vs harvest 2: 14.0 g average difference, N= 20, t = 6.73, P < 0.0001; harvest 2 vs harvest 3: 6.9 g
average difference, N = 16, t = 4.24, P = 0.0007).

Plants initially responded to harvesting by increasing the average number of crowns per plant (Fig. 2,

dashed line), although this increase was not sufficient to counterbalance the decrease in mass per crown (Fig.2,

dashed and dotted line). After the second harvest, both the average number of crowns per plant and the average

mass per crown decreased.

Volume.—The above-ground volume of each plant was estimated by first estimating the volume of each

trown as a hemisphere from its measured diameter: estimated volume = %n (diameter/2) 3
.

The estimated volumes of all the crowns on the plant were then summedto estimate total plant above-

ground volume. The estimated volume of each plant in 2012 was very closely correlated with its harvested

fresh mass in 2012 (Fig. 3).

Volumes were log-transformed before analysis of covariance (ANCOVA) to improve normality of the re-

siduals. Volume at census 2 (2010) was used as a covariate. Treatments did not differ significantly in their

sfopes: the slope of the relationship between log-transformed volume in 2010 (x-axis) and log-transformed

volume in 2012 (y-axis) was the same for each treatment. Therefore the final ANCOVAmodel assumed equal

Note that equality of slopes in a model fitted to log-transformed data does not imply that slopes will be
near when untransformed data are graphed on a linear scale (e.g., Fig. 4).

Estimated plant volume at census 3 (2012) was closely related to estimated plant volume at census 2; 74%
the variation in the former was explained by variation in the latter amount. Treatment accounted for an ad-

r°nal 10%of the variation among plants at census 3. The effects of the single-harvest treatment did not differ

,llose of the control (Scheffe contrast, Fj
75

= 1.33, P * 0.25), but each of these treatments differed signifi-

cantly fro mthe multiple-harvest treatment (Scheffe contrasts; control versus multiple-harvest: F1J5 = 29.20, P
< 0001; single-harvest versus multiple-harvest, F,

75 = 41.46, P< 0.0001; Fig. 4). In other words, the surviving

^-harvest plants were growing (on a logarithmic scale) about as fast as the surviving control plants be-

,

een 2010 and 2012, but they began the interval with much smaller sizes than the control plants. In contrast,

multiple-harvest plants were decreasing in size. For example, the final ANCOVAmodel predicts that a
COntro1

Plant with a volume of 10.0 cm3
,

the average size of all 90 surviving plants at census 2, would have

to 21.9 cm3 and a single-harvest plant of the same size would have grown to 26.3 cm3 (not significantly
1 erent from 21.9 cm3

), but a multiple-harvest plant with a volume of 10.0 cm3 would have decreased slightly
nsi ze, to 9.66 cm3

.

Regional
harvesting trends in South Texas .—Annual peyote sales data covering the years 1986-2011 (Texas

Anient of Public Safety, unpublished data) are presented in Figure 5. Although these figures do not in-
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census

s. Solid line: control plants; dotted line: harvested plants.

elude all sales of peyote (Terry et al. 2011), it is reasonable to assume that the number of buttons sold in the

regulated trade is positively correlated with the total number of buttons harvested in the region of South Texas

known as “the Peyote Gardens.” In 2011, the DPS-regulated peyote sales totaled slightly over 1.4 million but-

tons, continuing the generally downward trend which such sales have followed since 1997. It is noteworthy

that prior to the current decline there was a decrease in numbers of buttons sold during the late 1980s that

appears to have corresponded to the historical decline in the available harvest of mature plants, followed in the

early to mid-1990s by a marked increase in numbers of buttons sold when the proliferation of small regro

buttons began to be harvested to meet the needs of the NAC. Anecdotal accounts from NACmeetings during

the period of temporary increase in numbers of buttons noted the prevalence of fresh buttons as small as dira®

(TH & KT, pers. obs.). The number of buttons sold in 2011 was the lowest for any year in the last quarter o a

century. As the annual number of buttons sold has declined steadily since 1997, the price has shown a ma

increase; the price per button is roughly equal to total sales (in U.S. dollars) divided by the number of buttons

sold.

DISCUSSION

Effects of harvesting on plant survival and growth

The negative effects of harvesting on survival may be delayed. The initial harvest did not significantly
reduce

survival during the first two years after the harvest (2008 to 2010; Terry et al. 2011), but its effects were higWy

significant by 2012 (73% survival to the four-year time point in 2012 among plants harvested in 2008, vers®

94%among control plants). Any delayed effects of the second (2010) harvest on survival were not yet evide»

in 2012.
sub-

file effects of precipitation mayalso be delayed. The six months preceding the 2010 census received su



era 9e fresh above-ground mass per harvested plant, number of crowns per plant, and average fresh mass pc

wrage fresh mass per crown, an average was calculated for all cr r _
Ptots were used to calculate the values in this graph. Vertical bars: 1 standard error.

n at each date. To calculate

stantially more rain (32.4 cmOctober-March precipitation) than the six months periods preceding the other

censuses (6.0 cm and 15.4 cm October-March precipitation preceding the 2008 and 2012 censuses, re-

U.S. Department of Agriculture 2012), but the average size of control plants declined in the first in-

terval and incre ased in the second (Fig. 4). However, it maybe that in wetter years peyote experiences more
“^Petition from other plants that have responded rapidly to the increased soil moisture. Harvesting also sig-

m Cantl >’’ and strongly, affected plant growth rate and therefore plant size (Fig. 4). Each harvest reduced plant

tom
ratCS ThC 2008 harvest reduced the average growth rate of all harvested plants (Terry et al. 2011). The

harvest of the multiple-harvest plants significantly reduced their growth rate below that of the single-

est plants (harvested only in 2008) as well as below the growth rate of the never-harvested control plants

/ & 4). While the single-harvest plants and the controls had about the same growth rate between 2010 and
-the single-harvest plants were so much smaller in 2010 (due to the 2008 harvest) that they remained

.

smaller than the control plants in 2012. Meanwhile, the multiple-harvest plants continued to decline in

tween 2010 and 2012. Plant size and plant survival are usually highly correlated (Harper 1977), so we
1*^0 ^ continuing excess mortality of the multiple-harvest plants,

infec
.

re are Pr °bably several reasons why harvesting reduces growth rate, size and survival rate. Microbial

out
ft,

0" ° f Ae ° PCnWoundcrated by the act of harvesting the crown of a plant, for example, cannot be ruled

Mon
mectlanism that appears to be an inevitable consequence of harvesting is that of exhaustion due to

nged deprivation of solar energy. The crown, being the only aerial organ of the peyote plant, is the plant’s
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only site of photosynthesis. Without photosynthesis, the plant cannot use solar energy to create and store car-

bohydrates, and nutrient, carbon, and water uptake are greatly reduced. The crown is also the part of the plant

that is always harvested for ceremonial use. Whenthe crown is harvested— thereby becoming a button in the

peyote trade —the plant’s ability to photosynthesize is ipso facto reduced to zero. The harvested plant then uses

stored energy, nutrients, and water to regrow its above-ground biomass. If reharvesting occurs before the p

has had time to rebuild its stored reserves from photosynthesis in its regrown above-ground tissue, it w

come successively smaller at each harvest and eventually die. The reduced size and growth rate, and increase

mortality, of harvested plants strongly support the hypothesis that a two-year cycle of harvesting of this spe-

cies is too frequent for plant recovery. A sustainable frequency of harvesting would be low enough to allow a

plant to fully regrow and to fully rebuild its supply of stored resources between harvests. Wehope eventua }

to be able to determine the maximumsustainable harvesting frequency. Whatever that frequency maybe, our

As is true of most plant species, the removal of the apical meristem (part of the harvested crown of pep

te), in addition to stimulating regrowth, probably also de-represses axillary meristems, resulting in the forma-

tion of multiple crowns. In the absence of the continual secretion by the apical meristem of the hormone t

normally suppresses lateral branching (presumably auxin, based on Mauseth and Halperin 1975), one <*

more) of the axillary meristems in the areoles on the subterranean portion of the stem is de-repressed and

gins to form a new crown at the apex of a lateral branch which emerges from the subterranean stem and g
roWS

toward the surface of the ground. This phenomenon accounts for harvested plants of this species having ®

crowns than unharvested plants (Fig. 2). It is a temporary phenomenon, however, because eventually a Pla

^
s

stored resources are exhausted by too frequent harvesting, causing the number of crowns per plant to e
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Fig. 5. Annual peyote sales by licensed distributors in South Texas from 1986 through 2011.

crease. This stage appeared to be reached at the second harvest: the number of crowns per plant increased after

the first harvest but declined after the second.

The negative impact of harvesting will be greater if portions of the subterranean stem are also removed

To avoid such damage to the harvested plants, in this study weused only best harvesting practices, viz., cutting

the crown at its base, parallel to the surface of the ground. However, commercial harvesting practices may re-

move a substantial portion of the subterranean stem along with the crown (Terry & Mauseth 2006). Such re-

moval of subterranean stem tissue reduces the number of areoles available to initiate lateral branching, reduc-

ing the number of new crowns that can be formed. In addition it removes even more resources from the plant,

reducing the amount available for regrowth.

Changes in harvest yield over time

As a result of the effects of harvesting on plant size, the yield per plant of harvested biomass decreased after

each biennial harvest, first by 44%and then by 32% (Fig. 2, solid line). If one includes mortality in these calcu-

lations, the decrease in harvest yield is even more marked: the third harvest produced only 25%of the bioma*

that the first harvest did. For example, if we had begun with 100 plants, the first harvest would have yield* 1

3125 g (i.e., 100 plants x 31.25 g/plant), the second harvest would have yielded 1547 g (100 plants x 0.895 sur-

vival rate of harvested plants 2008-2010 x 17.27 g/plant), and the third harvest would have yielded 769 g
(10°

plants x 0.895 x 0.800 survival rate 2010-2012 x 10.73 g/plant), declines of about 50%per harvest. The absolute

(as opposed to relative) decline was smaller in the second two-year period, but only because it began fro® 4
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lower baseline. These are exactly the effects on harvest yield to be expected if harvesting is occurring too fre-

quently for plants to regrow and to rebuild their stored resources.

The fact that harvested mass was even more closely correlated with estimated volume at census 3 (Fig. 3)

than at census 2 (Fig. 3 in Terry et al. 201 1) mayseem surprising in that the crowns of most adult peyote plants

do not appear to have a true hemispherical shape, but rather the shape of half of an oblate sphere. However,

many of the younger plants —and especially young regrowth crowns —do indeed have vertically extended

crowns, and all peyote plants tend to expand vertically in response to rain (MT, pers. obs.), which would tend

to balance out the more flattened shape of the adults and the flattening effect of drought, over time.

Peyote shows many of the hallmarks of a classic case of unsustainable harvesting of a wild resource. First, the

decline in total harvest combined with an increase in price/unit is characteristic of overharvested wild species

(cf. Fig. 1 in Schippman et al. 2002). A declining number of wild plants is a likely explanation for the failure of

the harvest to increase in response to the increase in unit price (because a declining population causes de-

there are still individuals to be harvested (Hilbom & Walters 1992; Thurstan et al. 2010). Second, there are

anecdotal reports of declining unit (button) size (TH, pers. obs.). Declining body size is another classic indica-

tor of overharvesting (Stergiou 2002; Berkeley et al. 2004; Genner et al. 2010). Third, there are anecdotal re-

ports of declining quality of the harvested buttons (TH, pers. obs.). Fourth, the harvesting frequency (every

other year) shown to be unsustainable by the present study is typical. Finally, our results may underestimate

impacts of harvesting, as our harvests may have been less damaging to individual plants than a commercial

harvest, due to the care taken in the harvests of this study.

As far as we are aware, this study is the first well documented case of overharvesting of a cactus species

(but see Jimenez-Sierra and Eguiarte 2010, in which browsing was also involved). It is also one of a limited

number of well documented cases of overharvesting of non-timber plant species in general. Most well docu-

mented cases of overharvesting of wild resources involve marine and freshwater animal species (Jackson et al.

2001; Allen et al. 2005; Genner et al. 2010). There are detailed reports of overharvesting of many tree species

(e g., Schwartz et al. 2002; Schulze et al. 2008). There are some detailed reports of overharvesting of herbaceous

plant species, of which ginseng ( Patiax quinquefolius) is perhaps the best documented (Nantel et al. 1996; Mc-

Graw 2001; Case et al. 2007; McGrawet al. 2010). However, many hundreds (at least) of other plant species are

threatened by overharvesting, especially plant species harvested for medicinal uses (Schippman et al. 2002),

for lumber (Oldfield et al. 1998), or for collectors (Oldfield 1997).

The regulatory panorama
At the moment there are only two major interested parties with any standing in the discussion about the fate of

P^ote in its natural habitat: (1) the Native American Church (NAC), whose right to consume peyote for reli-

cs purposes is protected by legislation such as the American Indian Religious Freedom Act (AIRFA), and (2)

the Drug Enforcement Administration (DEA), which is obligated by the Controlled Substances Act to regulate

^ use and distribution of peyote by and for the NAC, and to prevent the diversion of peyote to non-authorized

Persons. Neither of these parties is speaking very audibly about regulatory solutions to mitigate the deteriorat-

ln g state of the wild peyote populations. This is unfortunate, as the problem has a feasible solution, namely the

regulated cultivation of peyote by and for the NAC, which would reduce the harvesting pressure on the wild

Populations (as in, e.g., Kay et al. 2011). Furthermore, this solution is technically within reach (Chandra et al.

311(1 oulturally acceptable (TH, pers. obs.). The barrier to bringing this solution to fruition is essentially

a regulatory one. Cultivation of L. williamsii is anticipated in the American Indian Religious Freedom Act (as

tended
1994), which “.

. .does not prohibit such reasonable regulation and registration by the Drug Enforce-

Administration of those persons who cultivate. . .peyote. .
..” But to date no interested party (e.g., the NAC

° orth America) has petitioned the DEAto promulgate any such “reasonable regulation” spelling out the

QClaik for SUch registration. Pending such action, cultivation of peyote, though not illegal, lacks the needed
te

** ulator y framework to provide legal certainty and protection for NACmembers who would prefer to produce



populations of peyote continue to produce steadily decreasing yields, as demonstrated in this study and in the

regulated peyote market. Under the current system—which can accurately be described as “management by

extirpation” —at some point the conservation crisis will become so critical that the U.S. Fish and Wildlife Ser-

vice will be obligated by the terms of the Endangered Species Act to evaluate the conservation status of the

species Lophophora williamsii. At that point the regulatory situation will become substantially more complex.

If a regulatory stalemate then ensues, the NAC’s options may broaden (or narrow) to include the Supreme

Court and/or Congress as sources of relief.
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